Background. In clinical color Doppler examinations, mitral regurgitant jets are often observed to impinge on the left atrial wall immediately beyond the mitral valve. In accordance with fluid dynamics theory, we hypothesized that a jet impinging on a wall would lose momentum more rapidly, undergo spatial distortion, and thus have a different observed jet area from that of a free jet with an identical flow rate.
Impact of Impinging Wall Jet on Color Doppler
Quantification of Mitral Regurgitation Chunguang Chen, MD; James D. Thomas Background. In clinical color Doppler examinations, mitral regurgitant jets are often observed to impinge on the left atrial wall immediately beyond the mitral valve. In accordance with fluid dynamics theory, we hypothesized that a jet impinging on a wall would lose momentum more rapidly, undergo spatial distortion, and thus have a different observed jet area from that of a free jet with an identical flow rate.
Methods and Results. To test this hypothesis in vivo, we studied 44 patients with mitral regurgitation -30 with centrally directed free jets and 14 with eccentrically directed impinging wall jets. Maximal color jet areas (cm2) (with and without correction for left atrial size) were correlated with mitral regurgitant volumes, flow rates, and fractions derived from pulsed Doppler mitral and aortic forward flows. The groups were compared by analysis of covariance. Mean+SD mitral regurgitant fraction, regurgitant volume, and mean flow rate averaged 37±17%, 3.06±2.65 1/min, and 147±118 ml/sec, respectively. The maximal jet area from color Doppler imaging correlated relatively well with the mitral regurgitant fraction in the patients with free mitral regurgitant jets (r=0.74, p<O0.0O1) but poorly in the patients with impinging wall jets (r=0.42, p=NS). Although the mitral regurgitant fraction was larger (p<0.05) in patients with wall jets (44±20%1) than in those with free jets (33+15%), the maximal jet area was significantly smaller (4.78±2.87 cm2 for wall jets versus 9.17±6.45 cm2 for free jets, p<0.01). For the same regurgitant fraction, wall jets were only approximately 40%o of the size of a corresponding free jet, a difference confirmed by analysis of covariance (p<0.0001).
Conclusions. Patients with mitral regurgitation frequently have jets that impinge on the left atrial wall close to the mitral valve. Such impinging wall jets are less predictable and usually have much smaller color Doppler areas in conventional echocardiographic views than do free jets of similar regurgitant severity. Jet morphology should be considered in the semiquantitative interpretation of mitral regurgitation by Doppler color flow mapping. Future studies of the three-dimensional morphology of wall jets may aid in their assessment. (Circulaion 1991;84:712-720) T wo-dimensional color Doppler echocardiography allows the real-time display of the location, size, and direction of valvular regurgitant jets, and this has become what may be the most this noninvasive technique in an attempt to quantify the severity of mitral regurgitation, correlating maximal jet area and length (with or without correction for the left atrial size) with semiquantitative angiographic assessments.1-' Unfortunately, more recent studies have demonstrated a far more complex relation between jet size and regurgitant volume than originally recognized. It has also been observed in vitro and clinically that color Doppler jet size depends not only on regurgitant volume and flow rate but also on the flow velocity, chamber constraint, and equipment settings. [6] [7] [8] [9] [10] [11] [12] [13] Another potentially important factor that has received little attention is the effect of wall impingement on the displayed jet size by color Doppler flow mapping. Not infrequently, mitral regurgitant jets may be directed very eccentrically, striking the left atrial wall quite close to the mitral annulus. Such eccentric wall jets have been associated with severe regurgitation resulting from mechanical valvular disruption such as flail leaflet14; accurate interpretation of their color Doppler appearance is of obvious clinical importance. Furthermore, it may be that by considering the various jet morphologies separately, recognition of jet impingement will allow more quantitative interpretation of the color Doppler display. Therefore, we undertook a clinical Doppler echocardiographic study to assess the impact that wall impingement has on the relation between displayed color jet area and regurgitant volume or fraction.
Methods

Patients
All clinical echocardiographic studies performed at the Noninvasive Cardiac Laboratory, Massachusetts General Hospital, Boston, were screened for the period of January 1 through March 30, 1989 , and cases were selected according to the following criteria: 1) presence of more than trace mitral regurgitation (defined as a color Doppler jet extending beyond the mitral annulus); 2) complete M-mode, two-dimensional, pulsed, and color Doppler images of adequate quality to permit quantitation of mitral and aortic flow anL-color Doppler jet area; and 3) absence of aortic stenosis or regurgitation. Forty-four patients met these criteria, including 17 men and 27 women (mean age, 55+± 17 years; age range, 19-82 years). Sinus rhythm was present in 41 of 44 patients, and three patients were in atrial fibrillation. Underlying cardiac disease included previous myocardial infarction (16 patients), rheumatic heart disease (10 patients, five with moderate-to-severe mitral stenosis), mitral valve prolapse (six patients), rupture of chordae (two patients), and absence of any detectable anatomic lesion (10 patients).
Echocardiographic Studies
All M-mode, two-dimensional, pulsed, and color Doppler flow studies were performed as part of the routine care and evaluation of the patients. Commercially available instrumentation (77020A, Hewlett-Packard, Andover, Mass.) was used and operated at appropriate transducer frequencies (2.5-3.5 MHz) to record optimal images and flow data. The images and spectral flow profile were recorded on 1/2-in. videotape (NV-8200, Panasonic) for subsequent analysis.
A complete imaging and Doppler study was performed in all patients. Views analyzed and data extracted from this study included 1) the parasternal long-axis view of the aortic valve (aortic annulus diameter), 2) parasternal long-axis left atrium and mitral valve (color Doppler jet area and two-dimensionally guided M-mode of the mitral valve motion), 3) parasternal short-axis of the mitral valve (maximal mitral valve orifice), 4) apical four-chamber view (color Doppler jet area and pulsed Doppler mitral inflow profile), 5) apical two-chamber view (color Doppler jet area), and 6) apical long-axis view (pulsed Doppler aortic flow profile). These data were then used to calculate diastolic mitral valve flow, systolic aortic flow, and maximal Doppler jet area.
All measurements were performed with an off-line computer analysis system (SUM 1010, Sony). Each echocardiographic and Doppler measurement was obtained in three to five different cardiac cycles, and the average was used in subsequent analysis. In the three patients with atrial fibrillation, only cardiac cycles of relatively constant length (differing from the mean RR interval by less than ± 10%) were analyzed, and the measurements were averaged for five to 10 cardiac cycles. In patients in whom the angle between the assumed direction of blood flow (perpendicular to the mitral or aortic annular planes) and direction of the interrogating Doppler beam was more than 200, angle correction was applied to the Doppler velocities (two patients).
Mitral flow. Mitral flow was obtained and quantified as described previously.15-'7 First, the mitral valve was imaged in the parasternal short-axis view with the patient in the left lateral position. The transducer was then manipulated to image the orifice at the leaflet tips. A two-dimensional echocardiographically guided M-mode of the mitral valve was recorded at the same level. The mitral valve area was measured by tracing the inner edge of the leaflet echoes from the frame showing maximal opening. The e-e' distance, the d-c interval, and the total area between the anterior and posterior leaflets during diastole were measured from the M-mode echocardiogram. The mean separation (area between the leaflets divided by the d-c interval) was divided by the maximal leaflet separation (e-e') to give the meanto-maximum ratio; the mean diastolic orifice area was obtained by multiplying this ratio by the maximal valve area from two-dimensional planimetry.17 The pulsed Doppler mitral flow profile was obtained from the apical view with the ultrasound beam aligned as parallel as possible to left ventricular diastolic inflow. The sample volume was placed close to the tips of the mitral leaflets at the point where the greatest E wave velocity was recorded. The area under the mitral (diastolic) velocity profile was traced through the brightest pixels (modal velocity) of the spectral display. The area under this curve was measured to yield the time-velocity integral in units of distance (cm). The cardiac cycle length (RR interval) was measured from a simultaneous electrocardiogram, and the heart rate was calculated. The mitral forward flow was then calculated from the product of the mitral time-velocity integral, mean mitral valve area, and heart rate. Aortic flow. From the parasternal long-axis view of the aortic valve and proximal ascending aorta, the systolic diameter of the aortic annulus was measured at the point of insertion of the valve leaflets using the inner edge convention. Measurement was taken in early systole, usually one or two frames after aortic valve opening. 15 The aortic Doppler flow profile was obtained from the apical view with the pulsed Doppler cursor aligned parallel to the assumed direction of aortic blood flow (perpendicular to the aortic annular plane). The sample volume was positioned at the point at which a laminar flow profile with the largest Doppler shift in the region of the annulus was recorded.1516 This usually occurred just proximal to the leaflet tips. The area under the aortic (systolic) velocity profile was traced through the brightest pixels (modal velocity) of the spectral display, and the area under this curve was integrated to yield the stroke distance (cm). The cardiac cycle length (RR interval) was measured from the simultaneous electrocardiogram, and the heart rate was calculated. The aortic outflow was determined as the product of the aortic time-velocity integral, aortic annulus area, and heart rate.15
Quantitative regurgitant flow calculation. The mitral regurgitant volume (cm3/min) was calculated by subtracting aortic forward flow from mitral forward flow, and the regurgitant fraction (%) was calculated by dividing the mitral regurgitant volume by the total diastolic transmitral forward flow.15 Mean mitral regurgitant flow rate (cm3/sec) was calculated by dividing the regurgitant stroke volume (regurgitant flow volume divided by heart rate) by the duration of mitral regurgitation as determined by continuous wave Doppler.
Color Doppler flow mapping measurements of regurgitant jet area. The color flow imaging frame rate varied from 15 to 30 frames/sec with a sector angle between 300 and 900. Each examination was performed using the shallowest depth and narrowest sector angle capable of encompassing the entire jet area. The pulse repetition frequency was between 3.8 and 4.6 kHz. The typical Nyquist limit was 64 cm/sec at a depth of 12 cm. An optimal gain setting was obtained by maximizing the gain level without introducing spurious signals in the nonflow areas. Videotape recordings of images were scanned frame by frame to find the largest regurgitant jet area in each of the views studied. The outline of the maximal jet area was traced with a light pen and measured by computerized planimetry. The traced jet area included the centrally aliased and peripherally nonaliased signals (velocity in same direction as the jet).4 Whenever possible, the left atrial area was measured by computerized planimetry in the same frame in which the maximal jet area was seen. When narrow sector arcs were used to maximize the frame rate, the entire area of the left atrium was not always included. In these cases, a representative frame from the same view was analyzed during the same portion of systole. If the entire border of the left atrium still could not be visualized, the missing segments were approximated by visual interpolation.
Dopplerjet morphology. Jets were classified into two typesfree jets and wall jetsbased on their spatial velocity distribution within the left atrium ( Figure 1) . A free jet was defined as one in which all of the displayed turbulent regurgitant jet velocities were contained within the cavity of the left atrium with a clearly defined fluid layer between the margins of the jet and the lateral and septal walls of the left atrium in the three standard imaging planes (parasternal long axis, apical two chamber, and apical four chamber). In contrast, a wall jet was defined as one that struck the inferior, anterior, lateral, or septal left atrial wall in one or more of these views, a phenomenon that usually occurred almost immediately upon its exit from the regurgitant orifice. Jets that were free throughout their passage through the atrium but constrained by the superior left atrial wall only were classified as free jets.
Reliability ofmeasurements. Reliability was assessed in two ways: 1) 10 of the 44 study patients were examined by two observers, each without knowledge of the results obtained by the other, and interobserver variability was calculated for jet area and mitral regurgitant fraction; and 2) 15 additional patients without Doppler evidence for mitral or aortic regurgitation were studied, and the difference between mitral forward flow and aortic forward flow was calculated to assess the accuracy of the mitral regurgitation fraction measurement.
Statistical Analysis
All values were expressed as mean±SD. Linear regression was used to compare pulsed and color Doppler assessments of mitral regurgitation. For these analyses, the pulsed Doppler measurements of mitral regurgitant flow rate, volume, and regurgitant fraction were the independent variables; the dependent variables tested included the maximal jet area measured in any view, the maximal jet area divided by the corresponding left atrial area, and the jet-toleft atrial area ratio averaged from multiple views. Each of the three independent variables was tested against each of the dependent variables for a total of nine regressions. These analyses were performed separately for patients with wall jets, those with free jets, and the entire group. The isolated effect of wall impingement was assessed by analysis of covariance in which jet area was the dependent variable, jet morphology was the grouping variable, and pulsed Doppler regurgitant fraction was the covariate. The adjusted mean jet areas for the two groups were considered statistically different at the p<O.05 level.
Results
Free jets were observed in 30 of 44 patients, and eccentrically directed, impinging wall jets were found in 14 of 44 patients. The impinging wall jets were directed to the anteroseptal wall in five patients and the inferoposterior wall in nine patients. Impinging wall jets were observed in six of eight patients with mitral valve prolapse or chordal rupture, three of 10 patients with rheumatic mitral disease, three of 16 patients with previous myocardial infarction, and two of 10 patients with schematic diagrams below. In the free jet, all displayed jet velocities were contained within the cavity of the left atrium (LA) with a clearly defined fluid layer between jet margins and lateral and septal walls of LA. In the impinging wall example, the jet struck the lateral left atrial wall very proximally and then clung to lateral wall until reaching the back of the atrium. LJj left ventricle; PV, pulmonary vein.
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WALL JET without detectable cardiac abnormality. Clinical characteristics of the two groups of patients are shown in Table 1 . The patients with impinging wall jets were significantly younger and more likely to be male than were those in the free jet group. They also had larger left atria and left ventricular end-systolic diameters, with increased fractional shortening and a trend toward a worse New York Heart Association functional class. However, heart rate and blood pressure were similar in the two groups. gives summary data for patients with free jets and those with wall jets. Mitral regurgitant volume, fraction, and flow rate were greater in the patients with wall jets; despite this, jet area in these patients was significantly smaller than that seen in the patients with free jets (p<O.O1).
Regression analysis of combined groups. Figure 2 shows the relation between jet area and regurgitant fraction for all 44 patients. The relation between regurgitant fraction and the combined groups is statistically significant, but the correlation is poor, with wide scatter in individual patients. Table 2 (left three columns) gives similar regression data for the other eight combinations of independent and dependent variables analyzed, again with relatively poor correlation noted.
Effect ofjet morphology on jet size. Figure 2 relates jet area to regurgitant fraction for the two groups separately. For the patients with free jets, a much stronger linear relation was observed between jet area and regurgitant fraction than that seen in the combined group. The remaining regression analyses for the free jet group are listed in Table 2 (middle three columns) and show similar results.
For the patients with wall jets in Figure 2 , a poorer (and nonsignificant) correlation between jet area and regurgitant fraction was observed with similar results for the other analyses in In addition, the wall jets were generally smaller in area than were free jets with the same regurgitant fraction. On average, wall jets were only approximately 40% of the size of a free jet for the same regurgitant fraction, a difference that was highly significant (p<0.0001) by analysis of covariance.
Reproducibility of Measurements
Measured regurgitant fractions in normal patients (no mitral regurgitation) ranged from -6% to 9%, with a mean absolute error of 6.2%. The interobserver variability for mitral regurgitant fraction was 6.8±6.2%. The interobserver variability for measurements of color flow jet area was 0.9±0.7 cm2.
Discussion
The major finding of the present study was that mitral regurgitant jets that impinge on the left atrial wall appear much smaller when imaged by standard transthoracic Doppler flow mapping than do jets of similar regurgitant fraction that are directed centrally into the atrium. A fair linear correlation exists between regurgitant fraction and color area for free jets, but only a weak relation exists for wall jets.
Quantitative Assessment of Mitral Regurgitation by Color Doppler Flow Imaging
Several reports have studied the clinical assessment of mitral regurgitation by Doppler flow mapping. First, jet length obtained by color Doppler flow imaging was shown to correlate fairly well with the angiographically graded severity of mitral regurgitation.2 Subsequently, it was found that the maximal color Doppler jet area divided by left atrial size yielded an improved correlation with angiographic severity.3 Recent studies, however, have questioned the rationale for correcting jet size for atrial size and have recommended using absolute jet area as the best index because normalizing jet area to atrial area may be misleading when the regurgitation causes left atrial enlargement.45 One reason for these variable results may be the lack of a true gold standard in assessing mitral regurgitation (see below). In addition, the results of the present study demonstrate that wall jets are considerably smaller than free jets of the same severity; thus, the variable results reported previously may in part reflect differing proportions of the two jet types in the study populations.
Theoretical Basis for Color Jet Appearance
To understand why wall jets appear smaller than free jets, it is worthwhile to examine what is known about the relation between the physical regurgitant jet and its color Doppler appearance. In vitro studies have demonstrated that driving pressure as well as flow rate strongly influence displayed jet size.10,13 It has recently been shown in vitro12 that the physical parameter that best characterizes the jet is its momentum flux, given at the orifice by the product of jet velocity and flow rate. In a free jet, this momentum is a constant throughout the jet, and hydrodynamic theory predicts that the displayed color area should be a linear function of momentum. Within the heart, however, jets usually are constrained. This is most obviously the case when a large regurgitant jet strikes a distal wall, thereby transferring all of its momentum to the wall and effectively truncating the jet at that point. Machine gain also strongly influences jet appearance because it determines the lowest velocity that will be encoded in color, an issue of particular importance at the jet periphery. Other imaging acquisition parameters exert a strong impact on the color Doppler image. For instance, mitral regurgitant jets have been noted to have an area inversely related to pulse repetition frequency and directly related to transducer frequency. 18 In the present study, we used the same acquisition parameters for the patients with free and wall jets, so it is unlikely that there was a systematic bias in the jet areas. Certainly a full exploration of the impact of the various machine parameters on free versus wall jets would appear to be a fruitful area for further investigation.
Therefore, the simplest explanation for the smaller appearance of wall jets in the present study would be that they simply transfer momentum to the left atrial wall very close to the valve and therefore become smaller physical jets. 19 Although this certainly is a factor, it may not be the entire answer. Distortions in the three-dimensional shape of a regurgitant jet may also play an important role. In the vicinity of a solid boundary, jets preferentially spread laterally along the wall with a thin dimension perpendicular to the wall.20-25 An imaging plane aligned perpendicular to the wall would therefore show only a very thin jet, whereas a plane that was parallel to the wall might show a broader-than-normal jet. [23] [24] [25] In the present study, we used standard echocardiographic image planes, which are orthogonal to the left atrial walls. Although standard short-axis views might define the lateral spread of the jet, in practice these jets are often difficult to image in short axis. It is conceivable that a nonstandard view might image this lateral spread of the jet and show a larger-than-expected color area, but these views have not been obtained in routine studies and were not sought in the present study. Such a view might be obtained from the standard apical four-chamber plane by tilting the transducer down to skim the inferior left atrial wall tangentially or upward to skim the anterior wall. Similarly, from the apical two-chamber plane, a medial or lateral tilt might catch the respective left atrial wall en face. Such views may be more readily obtainable via transesophageal imaging, especially with a biplane or omnidirectional probe. Thus, the effect of wall impingement on jet size will need to be separately evaluated by transesophageal imaging before the findings of this study can be extended to that modality. Transesophageal imaging might even permit three-dimensional reconstruction of the jet velocity fields and thereby assess the relative contributions of premature momentum transfer and shape distortion to the overall jet appearance.
Study Limitations
A limitation of all clinical studies of mitral regurgitation is the lack of a precise gold standard against which to compare results of different methods. We chose to use the Doppler echocardiographic approach because these methods have been shown in experimental studies to correlate well with roller pump and electromagnetic flowmeter measurements of cardiac output and regurgitant volume.15-17 Similar results were obtained in patients when these approaches were compared with the angiographic regurgitant fraction. [26] [27] [28] In contrast, the standard angiographic grading method used in most of the earlier studies29-33 is subjective and affected by many variables, including catheter position, rhythm disturbances, amount and velocity of dye injected, chamber size, forward flow, and radiogram penetration. Even the quantitative angiographic technique,29-31 which uses left ventriculographic stroke volume for mitral valve flow and thermodilution or Fick stroke volume for effective forward flow, has significant limitations. The measurement error for cardiac output is between 5% and 10% for thermodilution and between 10% and 15%31-33for angiography, resulting in an even greater error when they are combined into the mitral regurgitant fraction.29-31 Our measured regurgitant fractions of -6 to +9% in the normal controls without regurgitation indicate that this noninvasive assessment is quite competitive with the available angiographic methods. There is some debate within the echocardiographic community as to precisely how intracardiac flow calculations should be made. In practice, one can assess mitral flow, for example, at either the annular or leaflet level provided the flow and area measurements are taken at the same location. In our experience, we found that aortic flow measured at the leaflets and mitral flow calculated at the leaflet level using a corrected mitral area gave the most reproducible (interobserver variability) results with the least amount of bias (data in normal patients).
For the present study, we measured the single largest jet area in any particular frame rather than integrating the area throughout systole. Use of a single frame may overestimate jets whose regurgitant area changes dynamically with time but has the advantage of not underestimating jets whose direction changes through systole and so may be in any particular scanning plane for only a short time. The duration of regurgitation will also affect the relation between peak and total regurgitation. However, none of our patients had exclusively late-systolic mitral regurgitation that may occasionally be observed in mitral valve prolapse, so use of a single frame with the maximal jet is unlikely to have biased our findings significantly.
Clinical Implications
Despite unresolved theoretical issues, the clinical implications of this study appear clear. Jets that impinge on the left atrial wall typically represent much more severe mitral regurgitation than do similar-sized jets that are free in the left atrium. Any semiquantitative scheme for grading mitral regurgitation should therefore include jet morphology in its assessment.
In our patients with free jets, a reasonably good correlation between jet area and regurgitant fraction was observed ( Figure 2) as was between the other parameters ( Table 2 , center columns). Because driving pressure and chamber constraint were not controlled in this study, it is not surprising that the correlation between jet area and mitral regurgitant fraction was modest.78'103 However, it should be recognized that even considering free jets separately from wall jets, the assessment of regurgitant severity by simple color Doppler measurements is semiquantitative at best. For instance, as shown in Figure 2 , a free jet with an area of 5 cm2 might have a regurgitant fraction between 10% and 40%. This argues strongly for the more widespread use of pulsed Doppler measures of intracardiac flow, such as those used as the reference standard for this study.
It should be noted that there was an unbalanced distribution of regurgitant etiology between the two patient groups despite the unselected nature of the series. In particular, a disproportionate number of patients with mitral valve prolapse had wall jets, whereas those with prior myocardial infarction tended to have central jets. This simply reflects the predominant mechanism for regurgitation among the various etiologies. Among the prolapse patients, there was a high frequency of ruptured chordae and flail leaflets, which led to an impinging wall jet directed opposite the most severely affected leaflet. In contrast, the major mechanism among the infarct patients was incomplete mitral closure, which usually produced a central jet. It is evident that patients with mechanical disruption of a leaflet or chorda are particularly likely to have their valvular regurgitation underestimated by routine color Doppler assessment.
Finally, it should be recognized that a wide range of regurgitant severity was observed among both jet morphologies, and there was some overlap between the two groups, particularly at low regurgitant fractions. In part, this simply reflects heterogeneity within the wall jet group; those jets directed very eccentrically against the proximal left atrial wall appeared to be more truncated than those directed more obliquely against the midatrial walls. In addition, some of the standard imaging planes may by chance have cut through the wall jets en face and thus have displayed larger-than-usual jet areas.
Summary
For patients with similar mitral regurgitant fractions, color Doppler jet areas from standard trans-thoracic imaging planes were significantly smaller for jets that impinged on the left atrial wall than for jets that were free in the atrium. Jet area correlated relatively well with mitral regurgitant fraction in patients with free jets but was less predictable with wall jets. Jet impingement should be considered in the semiquantitative assessment of mitral regurgitant severity by Doppler flow mapping. Further studies are needed to assess the three-dimensional morphology of wall jets to aid in their interpretation.
